The deformation mechanisms in powder compaction can be described by a constitutive model, which is the cornerstone for modeling the powder compaction process by finite element simulation. Therefore, establishing a proper constitutive model is of great importance to investigate the forming rule of powder compaction as well as optimize the mold design and process parameters. The compaction behavior of 6061 aluminum alloy powder was described by the Drucker-Prager Cap (DPC) model. The model parameters and the powder densification behavior were determined and investigated by various powder compaction experiments. The modified DPC model with the determined material parameters was validated using finite element simulation method in ABAQUS with USDFLD user subroutine. The simulation results are consistent with the experiment measurements indicating that the established constitutive model can accurately describe the compaction behavior of 6061 aluminum alloy powder. Especially for the relative density exceeds 0.75, the simulation accuracy is quite high, which means that the determined model can well describe the powder behaviors at later stage of compaction process. In addition, eight representative compaction equations were employed to fit the powder die compaction experimental data and the results showed that Kawakita equation is most suitable to describe the relationship between the pressure and density for the cold die compaction process of 6061 aluminum alloy powder. Taking friction coefficient and temperature into account, a warm compaction equation of 6061 aluminum alloy powder was established. High fitting precisions of the warm compaction equation were obtained with the temperature 1 T of 100℃~150℃ and the friction coefficient  of 0~0.1.
Introduction
Due to the advantages in lightweight, corrosion resistance and formability, 6061 aluminum alloy as a kind of Al-Si-Mg based alloy is widely used for aerospace applications, military and automotive industries (Dutkiewicz et al., 2002) . Powder metallurgy as a promising forming method has attracted much attention in industry and research field because of the advantages of material and energy saving, less pollution, high efficiency and near net forming. Powder compaction is the main processes of powder metallurgy, and the powder behaviors during compaction process have significant effects on the final compact's property. As the die wall friction effects during powder compaction process, the density distribution of pressed powders is not homogeneous in generally. While the density inhomogeneity will result in differences in properties of different regions during compaction process, which would like to have effect on the mechanical property of powder compact products in sintering and packaging further operations. The investigation on 1 1
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Fangli ZOU * , ***, Shangyu HUANG *, Mengcheng ZHOU *, Yu LEI *, Shiwei YAN *, Jifa ZHANG ** and Bin WANG * powder behaviors during compaction process have great significance in industrial applications. The numerical simulation methods in powder compaction process can effectively analyze the powder behavior by less cost. It makes contributions to study the effects of process parameters on the stresses, strains and density during the powder compaction process. While, the exact constitutive model is the key to accurately obtain simulated results of powder compaction process. The ''classical elastoplasticity '' models (Kuhn and Downey, 1971 , Green, 1972 , Shima and Oyane, 1976 developed from the classical von-Mises model were usually used in modelling the compaction densification behaviors of metal powders. But these models cannot describe the powder shear behaviors which are vital for powder ejection and unloading processes and are only suitable for describing the powder behaviors of powder compact with high relative density Kim, 2002, 2007) . Thus, it is necessary to find an exact constitutive model for characterizing the compaction behaviors of 6061 aluminum alloy powder. Recently, the Drucker-Prager Cap model was usually used in numerical simulation of metal powder compaction process, and their validities were well proved through experimental and simulation results (Shang et al., 2012 , Zadeh et al., 2013 , Almanstötter, 2015 , Shin and Kim, 2015 , Krok et al., 2016 . It has been proved that the model parameters could be obtained by experiment ways and the modified DPC model could accurately analyze densification behavior during the powder compaction process.
The modified DPC model was used in modelling the compaction behavior of the Ag-Cu-Sn-In and Ag-Cu-Zn mixed metal powders (Zhou et al., 2017a，2017b, 2018 in our previous research work. The densification behavior of mixed powder was investigated with equivalent density method, and good agreements between the simulation and experimental results were obtained. Moreover, many researchers tended to focus on the compaction behavior of aluminum powder by using particle finite element method at present (Kyung et al., 2009 . However, DPC constitutive model was rarely used. Thus, the modified DPC model was adopted in this work to characterize and analyze the compaction behaviors of 6061 aluminum alloy powder.
Some numerical simulation methods were applied to study the temperature evolution, sintering and densification behaviors in powder compaction process . Based on our recent researches (Zhou et al., 2017a，2017b, 2018 , further experiments and numerical simulations were performed to analyze and discuss the compaction behavior of 6061 aluminum alloy powder in this work. The powder compaction process was simulated in the ABAQUS/Standard by using USDFLD user subroutine with the determined modified DPC model. The new compaction equations considering the temperature and friction effect were established.
Experimental procedures 2.1 Materials
6061 aluminum alloy powder (obtained from 369 Metallurgical Technology Co. Ltd., Hunan, China) with 99.7% purity and with a particle size of 30~40 μm was used as experimental material in the paper. The chemical compositions of 6061 aluminum alloy powder were listed in Table 1 , and its theoretical density is 2.73 g/cm 3 . The powder morphology was illustrated by SEM image as shown in Fig. 1 . The particles were nearly spherical and distributed uniformly. Zou, Huang, Zhou, Lei, Yan, Zhang and Wang, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.1 (2019) 
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Cold die compaction process
A universal testing machine WAW-600 (600 KN, HUALONG, China) was used for cold die compaction tests. Fig. 2 shows the schematic diagram of experimental apparatus for cold die compaction. The internal diameter and external diameter of the die are 10 mm and 20 mm, respectively. The height of the die, top punch and bottom punch are 50 mm, 60 mm and 10 mm, respectively. During compaction, the top punch moved downward with the speed of 2 mm/min to press the powder. And during unloading, the top punch moved upward and then removed from the die. The stress and the displacement of top punch were measured by the pressure and displacement sensors fixed in the universal testing machine. The stress of bottom punch was measured by additional pressure sensors equipped in the bottom punch. Four strain gauges on the outer wall of the die were employed to measure the radial stress (Zhou et al., 2017a，2017b, 2018 . The dynamic strain indicator (DH5922) was used to measure the circumferential strains at the outer die surface, and the radial stress was determined from the circumferential strains. The universal testing machine WAW-600 was also used to measure the strengths of powder compact in uniaxial compression tests and diametrical compression tests. The samples used for uniaxial compression tests and diametrical compression tests were prepared using a NC press SKY-40 (40 t, ZHENGYU, China). Preparation of a number of samples: 1.75 g 6061 aluminum alloy powder was weight and filled in the die with a diameter of 10 mm, and 2.25 g powder was weight and filled in the die with a diameter of 16 mm. Subsequently, these samples would be pressed into green compacts with different heights. The samples which have a diameter of 10 mm were used for uniaxial compression tests and the samples which have a diameter of 16 mm were used for diametrical compression tests.
Warm die compaction process
The experimental systems for warm die compaction tests include press machine SKY-40, heating rods, thermocouple and die. Fig. 3 shows the schematic diagram of experimental apparatus for warm die compaction. The height, external diameter, and inner diameter of the die are 50 mm, 60 mm and 10 mm, respectively. Heating rods were positioned in the four circular holes evenly distributed around the center-hole. The diameter of the circular holes is 8 mm and the distance between the center-hole and the circular holes is 16 mm. The inner die surface was lubricated with zinc stearate alcohol solution to reduce the friction during the consolidation process. The experimental data of compaction pressures and relative densities were recorded in the warm die compaction tests under five different pressure and temperature conditions. Zou, Huang, Zhou, Lei, Yan, Zhang and Wang, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.1 (2019) 
Drucker-Prager Cap constitutive model 3.1 Constitutive model
The modified Drucker-Prager Cap model contains three yield surfaces as shown in 
where R is a parameter that controls the cap surface shape, a p is the evolution parameter.
where  controls the transition surface shape and is generally set as 0.01~0.05. In this paper,  is set as 0.02. Zou, Huang, Zhou, Lei, Yan, Zhang and Wang, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.1 (2019) where 0  and  represent the initial relative density and current relative density of green compact.
Material parameters
According to Fig. 5 , any two experiments of the uniaxial tension, pure shearing, diametrical compression and uniaxial compression tests could be used to determine the shear surface parameters  and d . And the diametrical compression and uniaxial compression tests were performed here in the work, from which the radial tensile strength Zou, Huang, Zhou, Lei, Yan, Zhang and Wang, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.1 (2019) increased with the relative density, while the friction angle  decreased with the relative density.
The instrumented die method was employed to determine the cap parameters. R Zou, Huang, Zhou, Lei, Yan, Zhang and Wang, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.1 (2019) Using the linear elasticity law, Poisson ratio  and Young's modulus E were determined from the unloading data in die compaction tests, and the results were shown in Fig. 8 . The fitted DPC model parameters and equations for the 6061 aluminum alloy powder were shown in Table 2 
Va lidation of the model
According to the cold die compaction experiments of 6061 aluminum alloy powder, the powder compaction process was simulated in ABAQUS to validate the established model parameters. Based on the established relationship between constitutive parameters and relative density as shown in Figure 6 , 7 and 8, the user subroutine USDFLD was employed to update the elastic and plastic material parameters of powder during each time step in simulations. C3D8R hexahedral mesh was selected for all models and the global mesh size was 0.5 mm. The simulated results of relative density distribution after loading and unloading are shown in Fig. 9 . The relative density distributions after unloading are similar to that after loading, and the relative density after unloading is slightly lower than before because of powder elastic spring back. Both for loading and unloading, the density distribution is uniform in the middle region, the relative density is higher at the top corner and lower in the bottom corner which was attributed to the die wall friction. Table 2 . The fitted DPC model parameters for the 6061 aluminum alloy powder Zou, Huang, Zhou, Lei, Yan, Zhang and Wang, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.1 (2019) Figure 10 shows the comparison between the simulated and experimental results that present the relationship between the displacement and top punch pressure. The simulated curve is consistent with the experimental data, indicating that the experimentally determined model parameters are able to accurately describe the compaction behavior of 6061 aluminum alloy powder. With the increase of displacement, the compression force increases exponentially as the powder density increases. When the top punch pressure reaches 150~300 MPa under which the corresponding relative density is 0.75~0.84, high simulation accuracy is obtained.
Compaction equation 5.1 Compaction equation for cold compaction
According to the experimental data of the displacement and compaction pressure of 6061 aluminum alloy powder during cold compaction, the relationships between relative density  and compaction pressure P were obtained as shown in Fig. 11 . It observed that the growth rate of relative density changes from fast to slow with the increase of pressure. The growth rate decreases sharply near the relative density of 0.92, and the required compaction pressure increases exponentially as the relative density increases. The reason for this phenomenon is that the powder compaction has reached the third stage, that is, the pores inside the powder compact are basically filled up at this time, and the increase of density mainly depends on the yield deformation of the powder particles. According to the fitting equation in Fig. 11 , the density  can be as high as 0.9654 when the compact pressure P approaches infinity. Zou, Huang, Zhou, Lei, Yan, Zhang and Wang, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.1 (2019) In order to find the most suitable compaction equation for describing the cold compaction process of 6061 aluminum alloy powder, the experimental data were fitted with eight different compaction equations (as shown in table 3), respectively. The fitting curves of eight compaction equations are shown in (Huang, 1974) The eight compaction equations and the parameters for the 6061 aluminum alloy powder Zou, Huang, Zhou, Lei, Yan, Zhang and Wang, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.1 (2019) 
Compaction equation for warm compaction
Previous research (Rutz, et al., 1994) has shown that when the pressure remains constant, the green density obtained by warm die compaction is higher than that of cold die compaction. However, the relationship curves of relative density and compaction pressure are similar. Assuming that the pressure P at warm temperature and the pressure P* at room temperature can obtain the same green density, augmentation factor K is set to make the follow expression true.
 
By derivation, the intensifying factor K can be expressed as 
Compaction equation with friction factor
The friction coefficient between powder and die is affected by many factors, such as the compaction speed, die material, lubrication condition, etc. Based on the simulation results, the fitted values in Kawakita equation under different friction coefficients were shown in Table 4 . The fitted parameter A2 increases and B2 decreases with the increase of friction coefficient μ. According to the data in Table 3 , the compaction equation considering friction coefficient (0≤ μ ≤0.1) was obtained as follow Combining the Eq. (12) and (13), the new compaction equation considering the effects of temperature and friction coefficient was expressed as Zou, Huang, Zhou, Lei, Yan, Zhang and Wang, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.1 (2019) 
Conclusions
Series of experiments associated with finite element modeling were performed to systematically investigate the compaction behavior of 6061 aluminum alloy powder. Several main conclusions were drawn as follow:
(1) The established DPC model was suitable for describing the densification behavior of 6061 aluminum alloy powder. Especially, when powder relative density exceeds 0.75 in the later-stage of the compaction process, the modified DPC model can well describe the compaction process. 
